Introduction
Tuberculosis (TB) remains a major global public health problem and is now considered the leading cause of death by a single infectious agent (World Health Organization, 2017) . Progress in controlling the disease has been impeded by the lack of an effective vaccine for adult pulmonary TB and the requirement for long-term treatment with conventional antibiotics to achieve a cure. This problem has stimulated a major interest in developing new strategies for targeting Mycobacterium tuberculosis (Mtb) infection. An important approach, which has received considerable attention, is the design of therapies that will alter the host response to the pathogen to obtain more rapid and effective elimination of the pathogen (Wallis and Hafner, 2015) .
Active TB depends on the spread of Mtb both between infected macrophages within a tissue and between organs in the case of disseminated disease. Previous studies have implicated host-cell death modality as a major factor influencing this process (Pan et al., 2005; Behar et al., 2010; Lee et al., 2011; Moraco and Kornfeld, 2014) . In particular, it has been shown that Mtb growth is limited when infected macrophages undergo apoptosis, a process that contains intracellular bacteria within apoptotic bodies (Molloy et al., 1994; Oddo et al., 1998; Riendeau and Kornfeld, 2003; Martin et al., 2012) . Such apoptotic cells can then be destroyed by uninfected macrophages through a process of efferocytosis (Martin et al., 2012) . In direct contrast, bacterial spread is enhanced as a result of necrotic death of Mtb-infected macrophages. This outcome may stem in part from extracellular growth of bacilli released in tissues (Kaplan et al., 2003; Behar et al., 2010; Elkington et al., 2011; Amaral et al., 2016a; Lerner et al., 2017) . Because of its role in bacterial dissemination as well as tissue damage, necrosis represents a potential target for intervention in the pathogenesis of TB (Pan et al., 2005; Kiran et al., 2016) .
Necrotic cell death is a complex phenomenon involving a number of distinct mechanisms (Linkermann et al., 2014b; Jorgensen et al., 2017) . Cells can die as a result of mechanical damage or stress ("accidental cell death") although few well-defined examples of this process have been described. Instead, most forms of necrosis involve regulated pathways with specific molecular requirements. For example, pyroptotic cell death is caspase-1/11 dependent. However, previous studies have indicated that the cellular necrosis occurring in Mtb-infection is caspase-1/11 independent, arguing against the involvement of that mechanism (Lee et al., 2011; Welin et al., 2011; Wong and Jacobs, 2011; Pajuelo et al., 2018) . Necroptosis is an alternative form of programmed cell death elicited through TNFR1/2 signaling that depends on the formation of a molecular complex called the necrosome, which incorporates the proteins RIPK1, RIPK3, FADD, and pro-caspase-8 (Newton et al., 2014; Pasparakis and Vandenabeele, 2015; Weinlich et al., 2017) . Necroptosis is initiated by the phosphorylation of both RIP kinases and the recruitment of MLKL (Tanzer et al., 2015) , which binds to cellular membranes leading to pore formation (Su et al., 2014) . Previous studies have yielded contradictory findings concerning the involvement of necroptotic pathways in the necrosis induced by Mtb. Thus, macrophages from RIPK3 −/− mice were initially described to be resistant to Mtb-induced necrosis (Zhao et al., 2017) , while in two more recent studies both RIPK3-and MLKL-deficient mice were reported to display an unaltered necrotic phenotype (Stutz et al., 2018a,b) .
Recently, an additional pathway of regulated necrosis, referred to as ferroptosis, has been described that, interestingly, is triggered by iron overload. The dependence of ferroptosis on iron is highly relevant to Mtb infection, which in a number of studies has been shown to be influenced by the availability of this bioactive metal. Thus, increased iron levels have been reported to be associated with elevated risk of active pulmonary TB in patients (Trousseau, 1872; Gordeuk et al., 1996; Gangaidzo et al., 2001; Boelaert et al., 2007) and augmented bacterial loads in infected mice (Lounis et al., 1999 (Lounis et al., , 2001 Schaible et al., 2002) . In contrast, iron chelation and mutations in host or bacterial genes affecting iron availability typically restrict pathogen growth (Schaible et al., 2002; Meyer, 2006; Owens et al., 2013; Boradia et al., 2014; Dragset et al., 2015) . Moreover, Mtb infection is associated with the induction of heme oxygenase-1, a host enzyme that degrades heme to free iron in addition to carbon monoxide and biliverdin (Shiloh et al., 2008; Andrade et al., 2013; Costa et al., 2016) . In the opposite direction, iron is a key component of the Fenton reaction, which generates ROSs that exhibit antibacterial effects (Lemire et al., 2013; Vilchèze et al., 2013) . This evidence linking iron with the Mtb-host interaction led us to ask whether ferroptosis plays a role in the necrotic cell death and tissue necrosis triggered by Mtb infection.
In the regulated cell death associated with ferroptosis, iron overload triggers lipid peroxidation under conditions of suppressed glutathione peroxidase-4 (Gpx4) activation resulting in plasma membrane disruption Stockwell et al., 2017; Conrad et al., 2018) . Ferroptosis is initiated by Fenton reaction-induced hydrogen peroxides, which upon interaction with membrane lipids produce toxic lipid peroxides. Under steady state conditions, these lipid peroxides are rapidly reduced by Gpx4 through glutathione (GSH) oxidation. However, when Gpx4 expression and/or activity is inhibited in the presence of excessive iron, lipid peroxide levels become uncontrolled and trigger necrotic cell death.
Ferroptosis can be distinguished from other forms of regulated necrosis by its association with increased iron and lipid peroxidation on the one hand and reduced GSH levels and Gpx4 activity on the other. Ferroptosis, in contrast to other forms of cell death, is blocked by lipid peroxidation inhibitors, the most widely used and best characterized of which is ferrostatin-1 (Fer-1; Dixon et al., 2012) . Ferroptosis is now recognized as a major contributor in the cell death associated with a wide spectrum of diseases, including diabetes, cancer, neurodegenerative diseases, and renal failure (Stockwell et al., 2017) .
In the present study, we have assessed the role of ferroptosis in the necrotic cell death occurring in macrophages infected with virulent Mtb both in vitro and in vivo. We report that Mtbinduced necrosis in the models employed is dependent on GSH, Gpx4 levels, and labile iron accumulation, as well as lipid peroxidation and, thus, fits the major criteria for ferroptosis. Importantly, we further show that blockade of the ferroptotic pathway by lipid peroxidation inhibition suppresses necrosis and leads to enhanced control of Mtb infection, suggesting a potential strategy for treating TB by targeting this necrotic cell death modality.
Results
Mtb-induced necrotic cell death in macrophages is associated with increased intracellular iron and mitochondrial superoxide levels, as well as lipid peroxidation To examine Mtb-induced necrosis in vitro, we employed a model in which murine bone marrow-derived macrophages (BMDMs) were exposed to virulent bacteria (H37Rv strain) at different multiplicities of infection (MOIs) and cell death evaluated by using flow cytometry-based Live/Dead staining (which selectively detects cells undergoing necrosis) and lactate dehydrogenase (LDH) release 24 h and 4 d later. Following infection with H37Rv at an MOI of 5 or 10, BMDM cultures showed an elevated percentage of Live/Dead high cells (Fig. S1 A and Fig. 1, A and B ), as well as enhanced LDH release ( Fig. 1 C) compared with uninfected cultures or macrophages infected at low MOI (MOI of 1). This Mtb-induced cell death was evident as early as day 1 and increased dramatically by day 4 post-infection (p.i.; Fig. 1 , A-C). Although an increase in annexin V staining was observed in Mtb-infected cultures, it was associated predominantly with cells that were also Live/Dead positive, arguing that the cell death detected is a manifestation of necrosis rather than apoptosis ( Fig. S1 , B and C). In addition, consistent with previous studies, Mtb-induced macrophage necrosis in this in vitro system was found to be independent of both caspase-1 and caspase-11 ( Fig. S1 , D-F), arguing against the possible involvement of pyroptosis.
In Mtb infection, macrophage necrosis is typically accompanied by extracellular bacterial spread (Behar et al., 2010) . Consistent with this concept, the high frequency of dead cells observed in BMDM cultures infected at high MOI (MOI of 10) was associated with a major increase in extracellular bacteria when compared with cultures exposed to Mtb at low MOI (MOI of 1; Fig. 1 D) . In addition, using macrophages infected with RFPlabeled H37Rv strain (H37Rv-RFP), we showed that nearly all of the cells undergoing necrosis (Live/Dead high cells) also stained positively for the bacteria (Fig. 1 , E and F).
We used this in vitro model of Mtb-induced macrophage death to ask whether the necrosis observed exhibits the properties classically associated with ferroptosis. Three key hallmarks of ferroptotic cell death are its dependence on intracellular iron overload, elevated ROS, and lipid peroxidation (Dixon et al., 2012) . Interestingly, increased levels of intracellular labile iron (Fig. 1 G) and mitochondrial superoxide ( Fig. 1 H) were both evident as early as 1 d p.i. in macrophage cultures undergoing Mtb-induced cell death. In addition, substantial elevations in membrane lipid peroxides (measured as linoleamide alkyne [LAA] levels) were observed in the same cultures ( Fig. 1 I) , and these increases were primarily associated with macrophages undergoing necrosis ( Fig. 1 J) . In Mtb-infected macrophages, the levels of lipid peroxidation positively correlated with cell death frequency, an association not observed in uninfected macrophage cultures (Fig. S2, A and B) .
To further evaluate the role of iron in triggering this form of necrotic cell death, we tested the effects of iron supplementation on macrophages infected at a low MOI of 1, a setting where in the absence of added iron necrosis is usually not observed ( Fig. 1 A; Divangahi et al., 2009; Lee et al., 2011) . We observed a dramatic increase in Live/Dead high staining (Fig. S3 , A and B) and LDH Necrotic cell death of Mtb-infected macrophages correlates with reduced levels of GSH and Gpx4 expression The induction of ferroptosis typically depends on the suppression of Gpx4 activity due to reduced enzyme expression and/or the availability of its GSH substrate leading to uncontrolled lipid peroxidation (Ingold et al., 2018) . Consistent with this concept we observed that macrophages infected with an RFP-labeled H37Rv strain at an MOI of 10 exhibited reduced levels of GSH ( Fig. 2 A) and Gpx4 expression measured by Western blotting as well as by assessing mean fluorescence intensity (MFI) of the protein following intracellular staining and flow cytometry (Fig. 2, B and C). A more detailed analysis (Fig. 2 , D and E) revealed that Gpx4 expression is selectively associated with the surviving cells in the Mtb-infected macrophage cultures ( Fig. 2 D; gates Q3 and Q4). In addition, we observed that among the Gpx4 low population, the lowest expression of the enzyme was found in the cells with the strongest Live/Dead staining ( Fig. 2 E) . This Live/Dead high population was also found to display the highest level of lipid peroxidation and to be enriched with labeled bacteria as measured by RFP MFI levels (Fig. 2 E) . Together, the above observations indicate that the Mtb-induced death of macrophages in vitro exhibits the major parameters previously associated with ferroptosis.
Mtb-induced macrophage necrosis is blocked by iron chelation or by suppression of lipid peroxidation
To more directly address the involvement of ferroptosis in Mtbinduced necrosis, we tested the effects of known inhibitors and inducers of this pathway. We first assessed the dependence of macrophage necrosis on iron and found that the addition of an iron chelator, pyridoxal isonicotinoyl hydrazone (PIH), dramatically reduced cell death as measured by both Live/Dead staining ( Fig. 3 A) and LDH release ( Fig. 3 B) while simultaneously suppressing lipid peroxidation in the same cultures as determined on day 4 p.i. (Fig. 3 C) . Importantly, when tested at the same concentration PIH did not affect bacterial growth in liquid culture (data not shown).To directly test the requirement for lipid peroxidation in Mtb-induced necrosis, we used Fer-1, a compound that is known to block this process by reducing membrane lipid peroxides and that in prior experiments failed to display direct toxicity against cultured Mtb ( Fig. S4 A) . Addition of Fer-1 to macrophage cultures caused a dose-dependent inhibition in cell death (Fig. 3 , D-F), an effect that, as expected, was accompanied by a reduction in lipid peroxidation ( Fig. 3 G) .
Fer-1 also suppressed the necrosis stimulated by iron supplementation of macrophage cultures infected with Mtb at low MOI ( Fig. S4 , C-E), and this again was associated with reduced lipid peroxidation ( Fig. S4 F) . Of note, in these cultures Fer-1 addition failed to reduce bacterial burden in infected macrophages exposed to the drug for 24 h p.i. arguing against a direct toxic effect of the compound on intracellular Mtb (Fig. S4 B) .
Since iron is essential for Mtb growth, it was possible that the cell death associated with iron supplementation in the above experiments was due to enhanced bacterial replication leading to accidental cell death rather than ferroptosis. However, as shown in Fig. S4 B (top panel) , we failed to observe significant bacterial growth within the 24-h assay period. Instead, we observed an increase in extracellular bacteria that was inhibited by Fer-1 addition ( Fig. S4 B, bottom panel) . Finally, to assess whether the Fer-1-inhibitable cell death mechanism observed in Mtb-infected murine macrophages also functions in human cells, we established an in vitro model of cellular necrosis using human monocyte-derived macrophages infected with H37Rv strain at an MOI of 10. As shown in Fig. S5 , when examined on day 4 p.i., these infected human cells also exhibited extensive cell death, and this cellular necrosis was suppressed by Fer-1-mediated inhibition of lipid peroxidation.
In vivo Mtb infection is associated with reduced Gpx4 expression and increased lipid peroxidation
Having demonstrated a role for ferroptosis in the necrotic cell death triggered by Mtb infection of macrophages in vitro, we next asked whether the same mechanism was involved in the pulmonary necrosis induced by the pathogen in vivo. To do so, we employed a model of Mtb infection in which mice were exposed to ∼10 3 bacteria (H37Rv strain) via either the intrapharyngeal or aerosol route and administered. When analyzed at 28 d p.i., lung tissue from infected mice showed a significant decrease in gpx4 mRNA expression versus uninfected animals and beginning at 15 d p.i., a parallel increase in slc7a11, a transporter of the GSH precursor cysteine into the cytosol (Fig. 4, A  and B ). Flow cytometric analysis and staining with anti-Gpx4 antibodies of pulmonary CD11b + Ly6G − (monocyte/macrophages) from Mtb-infected mice demonstrated a corresponding decrease in Gpx4 levels ( Fig. 4 C) , and these cells also displayed an increased accumulation of lipid peroxides (Fig. 4 D) . In contrast, no change in Gpx4 levels was seen in CD4 + T lymphocytes recovered from the same tissue (data not shown). The involvement of other cell types was not formally analyzed. Together the observed in situ cellular alterations were consistent with a ferroptotic-driven tissue necrosis mechanism.
To assess the role of lipid peroxidation Mtb infection in vivo, we measured lipid peroxide levels in the lungs of mice given either vehicle or Fer-1 (3 mg/kg) daily by intraperitoneal injection starting at 15 d p.i. (Fig. 5 A) . When assayed at 28 d p.i., mice infected with Mtb displayed elevated lipid peroxidation measured in homogenates of lung tissue (Fig. 5 B) . Importantly, this correlate of ferroptosis was significantly reduced in infected mice receiving Fer-1 ( Fig. 5 B) . Furthermore, flow cytometric analysis revealed that Mtb infection triggered increased numbers of both CD11b + Ly6C + Ly6G + and CD11b + Ly6C + Ly6G − myeloid cell populations ( Fig. 5 C) , as well as their lipid peroxidation levels ( Fig. 5 D) . Both of these alterations were markedly suppressed by treatment of the infected animals with the ferroptosis inhibitor (Fig. 5, C and D) .
Mtb-induced tissue necrosis and bacterial burden are suppressed by Fer-1-mediated inhibition of ferroptosis We next assessed the impact of ferroptosis inhibition on Mtbinduced pulmonary necrosis at the organ level. Treatment with Fer-1 caused a highly significant reduction in both lung weight and the calculated relative lung mass in infected mice (Fig. 6, A and B ). Histological examination confirmed that this effect of lipid peroxidation inhibition was associated with reduced granulomatous inflammation ( Fig. 6 C) . To directly assess tissue necrosis, we injected mice with Sytox Green dye, which stains exposed DNA. When examined by fluorescence microscopy, whole lungs from infected mice showed extensive areas of Sytox Green staining that were not seen in the uninfected mice and that colocalized with the areas of tissue inflammation evident in the absence of the dye. Importantly, this Sytox Green staining was markedly reduced in Mtbinfected animals treated with Fer-1 (Fig. 6 D) . The above changes were also reflected in the MFI of the total lung images as well as those selectively calculated from the areas of granulomatous inflammation (Fig. 6, E and F) . The latter finding suggested that the effects of Fer-1 are restricted to the sites of Mtb infection. Finally, measurement of Mtb CFU in the lungs of the Fer-1-treated mice revealed a marked and highly significant reduction in bacterial load of >1 log (mean, 1.2) in the multiple experiments performed (Fig. 6 G) . A similar reduction in CFU was evident in spleens of the same animals consistent with an effect of Fer-1 inhibition of cellular necrosis on bacterial dissemination (Fig. 6 H) . The previously noted decrease in neutrophils in the lungs of Fer-1-treated animals (Fig. 5 C) is also consistent with this lowered bacterial burden.
Discussion
As an intracellular pathogen, the fate of Mtb during infection is heavily influenced by both the viability of the phagocytes in which the bacteria reside and the death modality of these host cells. There is general agreement that necrosis of infected macrophages by releasing Mtb into the extracellular milieu facilitates spread of the organism to the neighboring lung tissue, as well as its dissemination to other organs (Divangahi et al., 2013; Dorhoi and Kaufmann, 2016) . Since most well-characterized forms of cellular necrosis depend on regulated cell death mechanisms involving host signaling pathways, these represent potential targets for therapeutic intervention. In the present study, we have uncovered an important role for ferroptosis, a recently described mechanism of regulated necrosis, in the fate of experimental Mtb infection both in vitro and in vivo. Since iron overload is an important trigger of ferroptosis and under certain conditions is known to promote TB, we reasoned that there might be an association between this cell death modality and Mtb-induced disease. Regulated necrosis is now viewed as a complex phenomenon involving multiple pathways in addition to ferroptosis and most prominently those associated with pyroptosis and necroptosis. Previous published studies, as well as our own current data on necrotic cell death in Mtb infection, have argued against a role for pyroptosis based on the caspase-1/11 independence of that process (Lee et al., 2011; Welin et al., 2011; Pajuelo et al., 2018 ; Fig. S1 , D-F), while, as discussed above, the involvement of necroptosis is currently controversial (Zhao et al., 2017; Stutz et al., 2018a,b) . The data presented here systematically address the role of the key elements of ferroptosis in Mtb-induced cell death both in vitro and in vivo in an animal model of severe TB. Most importantly, our findings demonstrate that Mtb-infected macrophages undergoing necrosis display an increase in lipid peroxides and that Fer-1 simultaneously blocks this accumulation, as well as cell death.
The requirement for lipid peroxide generation and accumulation is a unique feature of ferroptosis, and many of the remaining criteria delineating this form of regulated cell death are associated with that process. These include iron overload, which triggers the generation of free radicals important for the initial oxidation of plasma membrane lipids, and reduced levels of both GSH and Gpx4, which normally prevent the accumulation of toxic lipid peroxides through their biochemical reduction (Stockwell et al., 2017) . As shown here, Mtb-induced necrosis of macrophages in vitro is strongly promoted by iron supplementation and inhibited by the iron chelator PIH, a compound previously shown to prevent hydroxyl radical generation by the Fenton reaction (Hermes-Lima et al., 1999 , 2000 Chen et al., 2018) . Furthermore, Mtb-induced cell death was found to be associated with reduced levels of GSH and decreased Gpx4 expression. Interestingly, ROS, which is a product of Mtb-infected macrophages, has also been shown previously to influence the ferroptotic process through its involvement in the Fenton reaction (Dixon et al., 2012; Dixon and Stockwell, 2014) or potentially via an indirect effect on GSH metabolism by activation of Nrf-2 (Harvey et al., 2009; Dixon and Stockwell, 2014; Deshmukh et al., 2017) . The possible contribution of ROS to the cell death pathway delineated here is currently under study.
In addition to establishing ferroptosis as a major mechanism of Mtb-induced cell death in vitro, our findings provide evidence supporting the involvement of this pathway in the pulmonary necrosis induced by the pathogen in vivo. Thus, the necrotic tissue damage in the lungs of Mtb-infected mice was shown to be associated with reduced Gpx4 levels, as well as increased lipid peroxidation, and was suppressed by treatment of the animals with the ferroptosis inhibitor Fer-1.
Although clearly pointing to a prominent role for ferroptosis in cellular necrosis in Mtb infection, our findings do not formally exclude intersections with other cell death pathways. One such intersection was recently described between ferroptosis and pyroptosis in a model of cecal ligation and puncture sepsis (Kang et al., 2018) . In this study, Gpx4-inhibitable lipid peroxidation was shown to negatively regulate caspase-1/ 11 and gasdermin D-dependent pyroptosis, thereby protecting challenged animals from sepsis (Kang et al., 2018) . Whether elements of this pathway function in Mtb-induced macrophage necrosis is currently unclear although the caspase-1/11 independence of cell death in our in vitro model argues against a major role for such crosstalk in Mtb infection. Previous studies have demonstrated that Mtb is a potent stimulus for macrophage autophagy, which is induced rapidly after infection and has been proposed to protect host cells against mycobacteria by promoting intracellular pathogen killing (Gutierrez et al., 2004; Castillo et al., 2012) . Interestingly, in a different cellular model, autophagy has been shown to promote ferroptosis through degradation of ferritin (ferritinophagy; Mancias et al., 2014; Hou et al., 2016) , raising the possibility that the autophagic process induced by Mtb under appropriate conditions could serve as an inductive stimulus for ferroptotic macrophage death. The recently published finding that ferritin deficiency promotes Mtb-induced pulmonary pathology is consistent with such a mechanism (Reddy et al., 2018) . These potential intersections between ferroptosis and other regulated cellular processes triggered by Mtb infection will be of interest to investigate in future studies. In addition, it will be important to confirm that the role for ferroptosis revealed here in the investigation of necrosis induced by higher infection doses also applies to other situations of Mtb-induced necrosis, such as those induced by hypervirulent bacterial strains or by conventional Mtb strains in highly susceptible experimental hosts.
A further important question raised by our findings generated in a murine Mtb infection model concerns their applicability to human TB. Although this issue has yet to be formally addressed, several biomarkers of the ferroptotic response have been documented in plasma samples from Mtb-infected individuals, such as reduced GSH levels and increased accumulation of lipid peroxides (Venketaraman et al., 2008; Amaral et al., 2016b) . More systematic studies assaying these, as well as additional correlates of ferroptosis in both plasma and necrotic tissue from TB patients, are needed to extend and validate the above initial observations.
Ferroptosis has now been implicated as a pathogenic mechanism in a wide variety of inflammatory conditions and in many of these situations has been considered a target for therapeutic intervention (Stockwell et al., 2017) . In addition, the induction of ferroptosis by suppressing GSH generation has been proposed as a strategy for promoting the death of malignant cells (Toyokuni et al., 2017) . The studies reported here raise the question of whether targeted inhibition of ferroptosis might be an approach for treatment of TB. Indeed, our data demonstrate that the lipid peroxidation inhibitor Fer-1 not only reduces pulmonary necrosis but also induces a highly significant decrease in bacterial load in both lungs and spleen of infected mice. We hypothesize that the latter effect is due to the inhibition of bacterial dissemination and spread resulting from the suppression of necrotic cell death. The alternative possibility that Fer-1 directly affects the viability of the mycobacteria themselves is unlikely based on the absence of microbicidal activity observed in both bacterial liquid cultures and in vitro infected macrophages. Nevertheless, at this stage it is impossible to rule out secondary effects of Fer-1 on other aspects of the host cellular response to Mtb that would indirectly affect tissue necrosis.
Fer-1 is extensively used as an inhibitor of ferroptosis due to its highly effective suppression of lipid peroxidation that is attributable, in part, to its antioxidant activity (Dixon et al., 2012) . In addition, newer generations of the drug are under development that have been reported to display enhanced potency and stability in vivo (Linkermann et al., 2014a; Skouta et al., 2014) . Interestingly, a number of other antioxidants possess ferroptosis-inhibitory properties including vitamin E, a dietary supplement that has been shown in several studies to improve TB treatment outcome when administrated adjunctively with conventional antibiotic therapy (Hernández et al., 2008; Seyedrezazadeh et al., 2008) . These observations raise the question of whether Fer-1 or its newer derivatives may possess similar or more potent activity against human TB than vitamin E and conversely whether vitamin E could be used as a ferroptosis inhibitor should the former drugs prove unacceptable for clinical use in this setting. As an alternative strategy, ferroptosis can also be suppressed by augmenting Gpx4 expression and/or activity. This effect can be achieved through the administration of the trace element selenium (Ingold et al., 2018) , which, interestingly, has also been shown to adjunctively enhance the outcome of conventional TB therapy when administered as a nutritional supplement (Seyedrezazadeh et al., 2008) . Clearly, further preclinical studies are required to validate ferroptosis as a viable target for host-directed therapy of active TB. The potential to simultaneously lessen tissue damage while reducing pathogen burden and dissemination is an attractive aspect of this strategy. 
Materials and methods
Mice Male, 8-11-wk-old C57BL/6J mice and Thy1.1 C57BL/6J mice were obtained through a National Institute of Allergy and Infectious Diseases (NIAID) supply contract with Taconic Farms. All animal studies were conducted in Assessment and Accreditation of Laboratory Animal Care-accredited Biosafety Level 2 and 3 facilities at the NIAID/National Institutes of Health (NIH) by using a protocol (LPD-99E) approved by the NIAID Animal Care and Use Committee. Mice were housed under specific pathogen-free conditions with ad libitum access to food and water and were randomly assigned to experimental groups. All experiments were performed with either C57BL/6J or Thy1.1 C57BL/6J mice, which gave indistinguishable results.
Primary murine macrophages
Murine BMDMs were generated by the following procedure. Marrow from both femurs and tibiae was harvested in DMEM/ F-12 (Gibco) supplemented with 10% heat-inactivated FBS (Hy-Clone, Thermo Fisher Scientific) and flushed through a syringe with a 20-gauge needle. The dispersed cells were then seeded in Petri dishes (100 × 15 mm) containing 10 ml DMEM/F-12 supplemented with 2 mM L-glutamine (Gibco), 10% FBS, 2% Hepes (Life Technologies), 1 mM sodium pyruvate (Gibco), 25 µg/ml gentamicin (Gibco), and 20% of L929-conditioned media. After 3 d of incubation at 37°C with 5% CO 2 , fresh medium containing L929-conditioned media without gentamicin was added. On day 6, macrophages were detached by the addition of cold Dulbecco's PBS (DPBS). The resulting cells were shown to be ∼95% pure based on extracellular double staining with anti-CD11b (eBioscience) and anti-F4/80 (BD Biosciences) macrophage markers by flow cytometric analysis.
Human monocyte-derived macrophages CD14 + column-purified human elutriated monocytes were obtained from peripheral blood of healthy donors from the NIH blood bank under Institutional Review Board-approved protocols of both the NIAID and the Department of Transfusion Medicine and were cultured in 96-well plates (Corning) in the presence of Roswell Park Memorial Institute (RPMI) 1640 media (Life Technologies) containing 10% human AB serum (Corning) and media containing growth factor (M-CSF) 50 ng/ml (Pepro-Tech) for 7 d. Fresh M-CSF was added every 48 h, as previously described (Mayer-Barber et al., 2011) . For in vitro experiments, the macrophages differentiated by this procedure were washed with 1× DPBS and cultured in the Opti-MEM media (Gibco) at 37°C in 5% CO 2 atmosphere. The resulting cells were shown to be ∼98% pure based on extracellular double staining with anti-CD14 + (BD Biosciences) and anti-HLA-DR (BioLegend) macrophage markers and analyzed by flow cytometry.
Bacterial culture
Mtb H37Rv strain was grown in 7H9 broth (Sigma-Aldrich) supplemented with 0.05% Tween80 (Thermo Fisher Scientific), and 10% oleic acid-albumin-dextrose-catalase (OADC; BD Biosciences) at 37°C. Mtb H37Rv expressing the RFP, H37Rv-RFP, was kindly provided by Dr. Joel Ernst (University of California, San Francisco, San Francisco, CA) and grown in 7H9 broth supplemented with 0.05% Tween80, 10% OADC, and 30 µg/ml kanamycin (Sigma-Aldrich) at 37°C. Bacteria in mid-log phase (OD 0.6-1.0) were centrifuged at 5,000 revolutions per minute (rpm) for 10 min, resuspended in fresh 7H9 media, and frozen at −80°C in aliquots of ∼108 bacilli/ml.
In vitro macrophage infection
Prior to their use in in vitro experiments, bacterial aliquots were thawed, diluted in complete 7H9 broth media, and cultured at 37°C for 7 d. The bacterial concentration was then determined by spectrophotometry at 600 nm, centrifuged at 5,000 rpm for 10 min, and then resuspended in phenol and serum-free media (Opti-MEM). Bacteria were sonicated for 30 s and homogenized to reduce bacterial clumping. BMDMs were exposed to H37Rv or H37Rv-RFP at the indicated MOI for 3 h, washed three times with 1× DPBS, and then cultured in fresh Opti-MEM media for 4 d. In some experiments, Fer-1 (Tocris) or PIH (Cayman Chemical) was added to the cultures 1 h before infection and then maintained in the same media for the entire experiment.
Measurement of cell death
Necrotic cell death was evaluated by staining adherent cells with either Live/Dead fixable blue dead cell stain kit (Invitrogen) or fixable viability dye (eBioscience) according to the manufacturer's protocol and as used previously in other studies of cell mortality (Downey et al., 2017; Zhao et al., 2017) . Briefly, uninfected and infected cells were first stained with specific antibodies for CD11b (eBioscience) at 4°C for 30 min and then washed with 1× DPBS following centrifugation at 1,500 rpm for 5 min. Live/Dead staining solution (1:750 diluted in 1× DPBS) was added to the macrophage cultures, which were next incubated at room temperature for 15 min in the dark. The staining reaction was stopped by washing cells with 10% FBS in 1× DPBS and fixing them with cytofix/cytoperm buffer (BD Biosciences) at 4°C for ≥1 h. Macrophages were then detached, washed, resuspended in 1× DPBS with 1% BSA (MP Biomedicals) and analyzed by flow cytometry. Preliminary experiments confirmed that when high MFI of the dye is used as the readout, this assay measures death rather than unrelated cellular changes induced by Mtb infection (data not shown).
Cellular necrosis was also assessed by measuring the release of LDH in the supernatants from macrophage cultures with CytoTox 96 nonradioactive cytotoxicity assay (Promega) according to the manufacturer's instructions. In some experiments, annexin V staining was performed to evaluate apoptotic versus necrotic cell death in Mtb-infected macrophage cultures. Briefly, BMDMs were stained with Annexin V (BioLegend) diluted in annexin-binding buffer (BD Biosciences) for 20 min, washed with 1× DPBS, and then counterstained with anti-CD11b (eBioscience) and Live/Dead cell stain kit (Invitrogen). The samples were then analyzed by flow cytometry.
Bacterial enumeration
Live intracellular and extracellular CFU counts were determined at the indicated time points. Extracellular bacteria were 
Intracellular iron quantification
Labile intracellular iron was measured by using the calcein acetoxymethyl (AM) ester quenching method (Invitrogen) as previously described with some modifications (Picard et al., 1998; Thomas et al., 1999) . Briefly, BMDMs were washed with 1× DPBS and lysed with 0.05% saponin for 10 min. Cell lysates were harvested, filter sterilized, and incubated with calcein AM (125 nM) at 37°C for 30 min. Duplicate samples were incubated with an iron chelator deferoxamine (Sigma-Aldrich) as a negative control, and cells treated with FeSO 4 (Sigma-Aldrich) were used as positive control. Calcein AM fluorescence was analyzed with a fluorescence microplate reader. Differential MFI of calcein AM between untreated and deferoxamine-treated samples was calculated to determine intracellular labile iron.
Mitochondrial superoxide assay
Mitochondrial superoxide was detected by using a flow cytometry-based assay. Macrophages were washed with 1× PBS to remove residual media and stained with MitoSOX probe (Life Technologies) at 37°C for 30 min following the manufacturer's protocol. Cells were next washed and fixed with cytofix/cytoperm at room temperature for 1 h. After fixation, cells were detached, washed, and resuspended in 1% BSA 1× DPBS. Fluorescence intensity of the probe was then measured in a flow cytometer.
Lipid peroxidation assay
Lipid peroxidation in macrophage cultures was assessed by using the Click-iT Lipid Peroxidation Imaging Kit (Life Technologies) or in the culture supernatants by using the TBARS assay kit (Cayman Chemical) according to the manufacturer's instructions. At the indicated time points, the culture supernatants were collected, filter sterilized, and assayed for the formation of malondialdehyde. The cellular monolayers were incubated with the LAA reagent (alkyne-modified linoleic acid) for detection of lipid peroxidation-derived protein modifications at 37°C for 1 h, and the cells were washed with 1× DPBS. After cell centrifugation (1,500 rpm for 5 min) to remove the LAA reagent, macrophages were stained for CD11b by using specific antibody at 4°C for 30 min. Live/Dead staining was performed as described previously above and the cells fixed by adding cytofix/ cytoperm. Fixed cells were then detached, washed, and resuspended in 1× DPBS, and LAA fluorescence was analyzed by flow cytometry.
Measurement of intracellular GSH levels
At the indicated time points, BMDMs were washed with 1× DPBS, and then intracellular GSH levels were measured in cell lysates by using a Glutathione Assay Kit (Cayman Chemical) according to the manufacturer's instructions.
Western blotting
BMDMs were lysed with cell lysis buffer (Cell Signaling) supplemented with 2 mM PMSF (Sigma-Aldrich) and a complete Ultra protease inhibitor cocktail (Roche 
Preparation of single-cell suspensions from lungs
Harvested lung lobes from infected and uninfected mice were washed with sterile 1× DPBS following organ dissection and then digested with collagenase IV (100 U/ml in RPMI; Sigma-Aldrich) at 37°C for 45 min under agitation (200 rpm). The enzymatic reaction was stopped by adding FBS. The pulmonary cells were dispersed by passage through a 100-µm pore-size cell strainer and red blood cells depleted by the addition of ammoniumchloride-potassium lysis buffer (Gibco) at room temperature for 2 min. Cells were next washed by centrifugation (1,200 rpm for 5 min) and cell pellets resuspended in RPMI supplemented with 10% FBS and 25 µg/ml gentamicin. The resulting cell preparations were counted and then seeded (8 × 10 4 cells/well) in roundbottom 96-well plates for LAA, as well as cell surface and Live/ Dead staining.
Phenotypic analysis of lung infiltrating cells
Infiltrating cells in the lungs were stained by using appropriate combinations of directly conjugated or secondary antibodies. Antibodies used were directed against Ly6C (clone HK1.4), Ly6G (clone 1A8), CD11c (clone N418), F4/80 (clone BM8), CD45.2 (clone 104), CD45 (clone 30-F11), CD11b (clone M1/70), Syglec F (clone E50-2440), CD4 (clone GK1.5), CD8 (clone 53-6.7), Gpx4 (monoclonal rabbit unconjugated, clone EPN-CIR144; Abcam). Unconjugated monoclonal rabbit antibody was detected with donkey F(ab9)2 anti-rabbit IgG H&L preadsorbed (ab181347; Abcam), and rabbit IgG monoclonal (ab172730; Abcam) was used as primary isotype control. Live/ Dead fixable blue dead cell stain kit and Fixable Viability Dye eFluor 780 dye were purchased from Invitrogen Molecular Probes and eBioscience, respectively, and the staining was performed according to the manufacturer's specification. All samples were acquired on LSR Fortessa flow cytometer (BD Biosciences) and analyzed by using FlowJo 10.4.2 software (Tree Star).
In vivo determination of lipid peroxidation in lungs
Briefly, lungs were homogenized in 1× DPBS and centrifuged at 12,000 rpm at 4°C for 10 min to remove tissue matrix and cell debris. Supernatants were harvested, filter sterilized, and stored at −80°C. Lipid peroxidation was measured by using the TBARS assay kit (Cayman Chemical) according to the manufacturer's instructions.
Histopathology and necrotic tissue detection
The relative wet mass of each lung was determined by calculating the ratio of organ wet weight from infected mice and uninfected animals. Lungs were fixed with 10% formaldehyde, embedded in paraffin, sectioned, and stained with H&E dye to analyze tissue responses. Samples were examined under light microscopy with a Leica DMI6000 microscope and images acquired with a Leica DFC 425 color camera.
For detection of tissue necrosis, we used Sytox Green dye which stains exposed DNA that can then be visualized by fluorescence microscopy (Marques et al., 2015a,b) . Briefly, we intravenously injected mice with 100 µl of a 50-µM solution of Sytox Green dye (Life Technologies) 20 min before mouse euthanasia. Lungs were then excised, washed with 1× DPBS, immediately fixed with 10% formaldehyde, and stored at 4°C for 48 h. Sytox Green fluorescence as the readout of tissue necrosis in whole-lung tissue was detected with a motorized stereomicroscope Leica M205 FA and images captured with a CFC345 cooled monochrome camera (Leica). Postacquisition images were processed by using LAS (Leica Application Suite) and Imaris 8.4.1 (Bitplane) software. Necrotic TB granuloma-like structures were defined manually based on fluorescence intensity and analyzed using ImageJ (NIH). Statistical analysis was performed using GraphPad Prism 7. Three lung lobes from three separate mice were analyzed per condition.
Determination of bacterial loads CFU burden in the lung and spleen homogenates was assessed by serial dilutions and then plated onto 7H9 agar Petri dishes supplemented with 0.5% (vol/vol) glycerol and 10% (vol/vol) OADC enrichment media. Bacterial colonies were counted after 21 d of incubation at 37°C.
Statistics
All graphic data are presented as mean ± SEM values. For in vivo experiments, the sample size (n) is listed in the graphics of figure legends and indicates the number of animals per each experiment. For in vitro experiments, the number of experimental replicates is indicated in the figure legend. A single representative experiment is presented in the figures and the number of independent experiments performed is provided in the legends. Statistical analyses were performed with GraphPad Prism 7.0 software using either unpaired two-tailed t test for comparison between two groups or one-way ANOVA. Statistical differences were considered significant when P < 0.05 with asterisks denoting the degree of significance (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Fig. S1 shows that cell death occurring in Mtb-infected macrophages is nonapoptotic and caspase-1/11 independent. Fig. S2 displays a positive correlation between lipid peroxidation and cell death in Mtb-infected macrophages. Fig. S3 shows the association of enhanced superoxide production and lipid peroxidation with necrotic cell death in macrophage culture supplemented with iron. Fig. S4 shows that Fer-1 inhibits necrotic cell death under conditions of iron supplementation. Fig.  S5 displays the effect of Fer-1 in human monocyte-derived macrophages infected with Mtb.
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